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1 Present address: Institut de Biologie et Chimie de
Université, de Lyon, 7, passage du Vercors, 69 367 LyoIn this paper we investigate the interaction between the C-terminal domains of the measles virus
phosphoprotein (XD) and nucleoprotein (NTAIL) by using nuclear magnetic resonance chemical shift
perturbation experiments. Using both NTAIL constructs and peptides, we show that contrary to the
conserved Box2 region (N489–506), the C-terminal region of NTAIL (N
513–525) does not directly interact
with XD, and yet affects binding to XD. We tentatively propose a model where the C-terminus of
NTAIL would stabilize the NTAIL–XD complex either via a functional coupling with N489–506 or by
reducing the entropic penalty associated to the binding-coupled-to-folding process.
Structured summary:
MINT-7009780, MINT-7009793, MINT-7009808: N-tail (uniprotkb:Q89933) and P (uniprotkb:P03422)
bind (MI:0407) by nuclear magnetic resonance (MI:0077)
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Measles virus (MV) possesses a non-segmented, negative-sense,
single-stranded RNA genome that is encapsidated by the viral
nucleoprotein (N) within a helical nucleocapsid. This latter is used
as the substrate for transcription and replication by the viral poly-
merase, which consists of a complex between the large protein (L)
and the phosphoprotein (P).
The P protein is an essential subunit of the viral polymerase
complex as it tethers the L protein onto the nucleocapsid template
(Fig. 1A). P is a modular protein consisting of an intrinsicallychemical Societies. Published by E
rotein; L, large protein; P,
PNT, P N-terminal domain,
inal unstructured domain of
uclear magnetic resonance;
e, nuclear Overhauser effect;
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n Cedex 7, France.unstructured N-terminal region (PNT) [1,2], and of a C-terminal
region (PCT) containing alternating disordered and structured
regions [2] (Fig. 1B). In particular, it possesses a coiled-coil domain
referred to as PMD (P multimerization domain) responsible for
both oligomerization and binding to L [3], and a C-terminal globu-
lar region (P459–507), referred to as X domain (XD), that constitutes
the nucleocapsid-binding domain (for reviews see [4–6]). We have
previously reported the crystal structure of XD and shown that it
consists of an anti-parallel three-helix bundle [7].
The MV N protein consists of a globular N-terminal moiety,
NCORE (N1–400), which contains all the regions necessary for
self-assembly and RNA binding [8], and a C-terminal domain, NTAIL
(N401–525) that is intrinsically unstructured [9] (Fig. 1C) and that
undergoes a-helical folding upon binding to XD [7].
Within a conserved region of MV NTAIL (Box2, N489–506), an
a-helical molecular recognition element (a-MoRE) undergoing
induced folding upon binding to MV XD was identiﬁed [10] and
modeled in the hydrophobic cleft delimited by helices a2 and a3
of XD [7]. This model was thereafter conﬁrmed by the crystal struc-
ture determination of a chimeric construct composed of MV XD
and N486–504 (pdb code 1T6O) [11]. Using small angle X-ray scatter-
ing (SAXS), we have obtained a low-resolution structural model of
the complex between MV XD and full-length NTAIL, which showedlsevier B.V. All rights reserved.
Fig. 1. (A) Schematic representation of the polymerase complex (L–P) bound to the nucleocapsid template. The disordered NTAIL (N401–525) and PNT (P1–230) regions are
represented by lines. The encapsidated RNA is shown as a dotted line embedded in the middle of N according to Albertini et al. [23] and Green et al. [24]. The multimerization
domain of P (P304–375, PMD) is represented with a dumbbell shape by analogy with the Sendai virus PMD structure [25]. The segment connecting P multimerization domain
(PMD) and X domain (XD) is represented as disordered according to Longhi and co-worker [2,9]. The L protein is shown as an oval contacting P through PMD. (B) Schematic
organization of P, where globular and disordered regions are represented by large and narrow boxes, respectively. The PMD and XD regions are shown. (C) Schematic
organization of N, NTAIL and NTAIL-D3 highlighting Box2, Box3 and the a-MoRE. Box2 and Box3 peptides are shown by a black bar.
C. Bernard et al. / FEBS Letters 583 (2009) 1084–1089 1085that most of NTAIL (residues 401–488) remains disordered in the
bound form and does not establish contacts with XD, in contrast
to the 489–525 region [12]. Using surface plasmon resonance
(SPR) and nuclear magnetic resonance (NMR) titration of NTAIL
constructs with XD, we showed that beyond Box2 (N489–506),
Box3 (N517–525) also contributes to binding [12]. Albeit previous
experiments have clearly established that the region downstream
the a-MoRE (i.e. N505–525) also participates to the binding to XD,
[12–14], the molecular mechanisms by which this region contrib-
utes to the stabilization of the complex are not fully understood.
Previous spectroscopic studies have shown that in contrast to
Box2, N505–525 does not gain any regular secondary structure
[12–14]. Using EPR spectroscopy, we have recently shown that
N505–525 does not directly contact XD and have proposed that it
may rather establish transient, tertiary contacts with Box2 [14].
However, this model is merely speculative and no direct structural
information is available. Indeed, crystallographic data have been
obtained on a chimera construct containing only Box2 [11], and
the only available structural data on the NTAIL–XD complex are
based on a low-resolution model derived by SAXS studies, which
only indicates that the C-terminus of NTAIL does not constitute a
ﬂexible appendage exposed to the solvent [12].
The aim of the present work is to unambiguously identify with-
in XD and the C-terminus of NTAIL the precise regions that mediate
the association. To this endeavor, we have carried out NMR chem-
ical shift perturbation experiments using uniformly 15N-labeled XD
and unlabeled NTAIL deletion constructs and peptides.2. Materials and methods
2.1. Sample preparation
Unlabeled NTAIL, NTAIL-D3 (N401–506) and uniformly 15N-labeled
XD were expressed and puriﬁed as described previously [7,12].
All samples contained 50 mM sodium phosphate buffer at pH 8.0,
95/5% v/v H2O/D2O and a protease inhibitor cocktail (complete,Roche Applied Science). Various concentrations (from 0.125 mM
to 1.13 mM) of 15N-labeled XD were used for the titration experi-
ments. Due to poor solubility in water, the synthetic peptide
DSRRSADALLRLQAMAGISEE (Genemed Synthesis, Inc.), corre-
sponding to N487–507 and referred to as Box2 peptide, was dissolved
in 100% dimethylsulfoxide (DMSO) to yield a ﬁnal concentration of
4.25 mM, and peptide DTPTVYNDRNLLD (SIGMA Genosys), corre-
sponding to N513–525 and referred to as Box3 peptide, was dissolved
in 5% DMSO leading to a ﬁnal concentration of 2.6 mM.
2.2. NMR experiments
All spectra were recorded at 300 K on a Bruker DRX 500 MHz
spectrometer. The sequential assignment of free XD was obtained
using homonuclear and heteronuclear standard approaches [15].
The 1H–15N resonances of XD alone and bound to NTAIL were
checked via the measurement of a 2D 1H–15N HSQC–NOESY that
was recorded with a mixing time of 100 ms and acquired with
the fast HSQC scheme [16]. The interaction between XD and vari-
ous NTAIL constructs or peptides was studied by NMR chemical shift
perturbations in a titration of 15N-labeled XD with unlabeled NTAIL
constructs or peptides. For each titration experiment, we ﬁrst re-
corded a 1H–15N HSQC spectrum of free 15N-labeled XD, and then
in the presence of increasing amounts of the unlabeled partner.
The XD:partner molar ratios used were: 1:0.2, 1:0.4, 1:0.8, 1:1,
1:1.3, 1:1.4 and 1:1.7 for the interaction with NTAIL; 1:0.25, 1:0.5,
1:1, 1:1.6, 1:2.9 for the interaction with NTAIL-D3; 1:0.1, 1:0.3,
1:0.5, 1:0.75, 1:2.5, 1:4 for the interaction with Box2 peptide and
1:0.6, 1:1.2, 1:2.4, 1:4.2 for the interaction with Box3 peptide. Sat-
uration (i.e. no changes in chemical shift upon further addition of
the partner to 15N-labeled XD) was achieved with XD:partner mo-
lar ratios of 1:1.3, 1:1.6 and 1:2.5 for NTAIL, NTAIL-D3 and Box2 pep-
tide, respectively. For titration experiments with Box2 peptide, the
chemical shift perturbation induced by DMSO was accounted for
by subtracting from the HSQC spectra of 15N-labeled XD-Box2 mix-
tures the HSQC spectra of mixtures containing 15N-labeled XD and
1086 C. Bernard et al. / FEBS Letters 583 (2009) 1084–1089the corresponding amounts of DMSO. In the case of Box3 peptide,
no chemical shift perturbation was detected even at a DMSO con-
centration as high as that of the sample containing the highest
Box3 peptide concentration. On the other hand, spectra of XD–
NTAIL mixtures containing DMSO, which would have been useful
for direct comparison with peptide-based titrations, could not be
recorded due to NTAIL instability under these conditions.
All spectra were processed with NMRPipe [17] and analyzed
using NMRView [18]. Chemical shift assignments have been depos-
ited within the BMRB data bank under accession numbers 15993
for the free form and 15994 for the form bound to NTAIL. Combined
amide proton and nitrogen chemical shift differences were calcu-






All plots of combined chemical shift variations versus sequence
were done using GRACE software (http://plasma-gate.weiz-
mann.ac.il/Grace/) and all structure representations were per-
formed using Pymol [20].
Quantitative analysis of NMR titration data was performed as
described in [11]. The dissociation constant KD can be estimated
from the changes in chemical shifts of the 15N-labeled protein (P)
caused by addition of the unlabeled binding partner (L), by ﬁtting
the chemical shift changes to the following equation for a two-
state model in fast exchange:
Ddppm ¼ DdMAX2½L ð½P þ ½L þ KD 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð½P þ ½L þ KDÞ2  4½P½L
q
Þ ð2Þ
where Ddppm is the combined chemical shift deviation deﬁned by
(Eq. 1), DdMAX is the maximum chemical shift deviation between
free and bound state of protein (P).
Curve ﬁtting over experimental data was performed by using
the XCRVFIT program (R. Boyko and B.D. Sykes, University of Alber-
ta, Edmonton, Alberta, Canada).
3. Results
3.1. 1H–15N resonances assignment of the free form of XD
All amide protons of the free form of XD were assigned except
for the four ﬁrst N-terminal residues (corresponding to the ﬁrst
methionine and to P459–461) and the last eight residues (corre-
sponding to P506–507 plus the C-terminal hexahistidine tag). TheseFig. 2. Superposition of the heteronuclear single quantum correlation spectrum of the f
NTAIL (grey). Lines indicate peaks undergoing a signiﬁcant chemical variation upon additio
with the only exception of I504 for which the label is shown on the left of the line indimissing protons were not observable either in the 2D NOESY or
in the 1H–15N HSQC spectra.
3.2. 1H–15N resonances assignment of the NTAIL-bound form of XD
The addition of increasing amounts of NTAIL triggered the grad-
ual displacement of a number of peaks in the HSQC spectrum of XD
with respect to that of the free form, thus allowing us to easily as-
sign the displaced peaks (Fig. 2). However, for some peaks under-
going the largest chemical shift displacement, a strong line
broadening was observed. All resonance assignments were con-
ﬁrmed by the analysis of a 2D HSQC–NOESY spectrum of the bound
form of XD. Although some important chemical shift variations
were observed, no change in the secondary structure elements
was detected since we collected the same HNi–HNi+1 sequential
correlations on the free and bound form of XD (data not shown).
3.3. Titration of 1H–15N XD with NTAIL constructs and peptides
Upon addition of NTAIL, thirteen peaks (M482, L484, D487, K489,
G490, D493, L494, F497, H498, M500, L501, K503, I504) showed a
signiﬁcant chemical shift perturbation, being displaced from their
original position following an intermediate exchange regime
(Fig. 3A). All these peaks showed line broadening, which in some
cases even caused the signal to become too broad to be detected
above the noise level.
A similar result was obtained when NTAIL-D3 was added (Fig. 3B),
with chemical shift variations induced by the truncated NTAIL pro-
tein being closely related to those observed upon addition of full-
length NTAIL.
When Box2 peptide was added (Fig. 3C), the chemical shift var-
iation concerned the same residues as when NTAIL or NTAIL-D3 were
added. The overall peak displacement was less pronounced though.
Notably, three peaks (G489, A490, and L493) that are located in the
region that connects the two last helices (see residues highlighted
by a red star in Fig. 3C), were not detectable in the HSQC spectra
even at XD:Box2 peptide molar excesses as high as four. Lack of
detection for these peaks can be accounted for by the fact that both
initial and ﬁnal XD concentrations were lower than those used in
the titrations with the longer NTAIL constructs, thus causing the sig-
nal to drop below the detection threshold.
Note that for these three titration experiments, saturation was
achieved, as well illustrated in Fig. 4.
Contrary to Box2 peptide, the addition of Box3 peptide did not
trigger any chemical shift variation (data not shown), indicatingree form of X domain (XD) (black) and of that obtained with saturating amounts of
n of NTAIL. The residues numbers of those peaks are shown for the bound form of XD
cating its chemical shift.
Fig. 3. Backbone amide chemical shift variations between X domain (XD) alone and XD bound to NTAIL (A), or NTAIL-D3 (B) or Box2 peptide (C). Chemical shift variations larger
than the average chemical shift change plus 1 S.D. (0.15 ppm for (A), 0.16 ppm for (B), 0.12 ppm for (C) and 0.03 ppm for (D)) were considered as signiﬁcant and are
represented by grey bars. (C) Stars highlight residues (G489, A490 and L493) that disappear during the titration. (D) Backbone amide chemical shift absolute variations
between XD bound to NTAIL and XD bound to NTAIL-D3 (left) and ribbon representation of the chimera (pdb code 1T6O) in which XD is drawn in grey as Ca connected spheres –
except for residues 489, 490 and 491 that are depicted in blue – and N486–504 is represented as a ribbon colored in white except for the last Ca atom (N504) that is depicted as a
red sphere (right). In all panels, the signiﬁcance threshold is indicated by a dashed line. Chemical shift variations for panels A, B and C have been mapped within the crystal
structure of XD (pdb code 1OKS) with colors ranging from blue to white with decreasing chemical shift variations. The molecule has been represented as Ca connected
spheres.
C. Bernard et al. / FEBS Letters 583 (2009) 1084–1089 1087that N513–525 is unable to interact with XD under the experimental
conditions we used. The possibility that DMSO might impair the
interaction of Box3 peptide with XD was ruled out by a control
experiment recorded in the presence of the same amount of DMSO,
which showed no effect on XD.
We also performed a quantitative analysis of the NMR titration
data to estimate the dissociation constant (KD) for those NTAIL
constructs triggering a chemical shift variation. To this endeavor,
we plotted the chemical shift variation as a function of the partnermolar ratio for those peaks corresponding to residues located in
the interaction area, and that are not in the intermediate exchange.
However, we were only able to calculate a dissociation constant for
titration experiments with Box2 peptide, as in the other cases sys-
tematic peak broadening prevented accurate calculations (see
Fig. 4). For Box2 titration, three such fast exchange and interacting
residues were found (L485, A491, and A495), and individual calcu-
lations carried out with these three peaks yielded the same esti-
mated dissociation constant (20 lM ± 4).
Fig. 4. Changes in the chemical shift of the backbone amide 15N resonance for residue A495, observed during the titrations with NTAIL (A), NTAIL-D3 (B) and Box2 peptide (C).
Bound and free chemical shift positions are indicated in green and black, respectively, with the positions at the different molar excesses (see Section 2) being represented by
different colors. Note that saturation was achieved for a 1:1 complex. (D) Chemical shift variations of the backbone amide 15N resonance of residue A495 as a function of Box2
molar excess. The solid line represents the ﬁtted model (see Section 2).
1088 C. Bernard et al. / FEBS Letters 583 (2009) 1084–10894. Discussion
NMR is a very powerful tool to study protein–protein interac-
tions at the molecular level and under conditions that are close
to the natural physiological environment. NMR chemical shifts
are very sensitive to the local environment of the nuclear spin, ren-
dering NMR a very useful technique for mapping protein interac-
tion sites. The recording of such chemical shift perturbation
experiment requires that one of the two interacting proteins is
15N-labeled. The addition of increasing amounts of the unlabeled
binding partner induces a modiﬁcation of the chemical and mag-
netic environment of the residues involved or close to the binding
interface, thus leading to a change in their chemical shift.
In the case of XD, 13 signals are affected by the addition of NTAIL
according to an intermediate exchange regime, as illustrated by the
gradual displacement of the peaks from their free- to their bound
chemical shift position and by the concomitant peak broadening
in the course of titration. The XD affected residues are located with-
in helices a2 and a3, as well as within the loop connecting them, in
agreement with previous structural data indicating that complex
formation implies the accommodation of the a-MoRE in the hydro-
phobic cleft delimited by helices a2 and a3 of XD [7,11]. Notably,
the addition of NTAIL-D3 triggers very similar chemical shifts, with
the only detectable difference concerning residues 489, 490 and
491 (Fig. 3D, left panel), which are located within the loop connect-
ing helices a2 and a3 (Fig. 3D, right panel). These latter small chem-ical shift deviations were not expected, as they concern three XD
residues that are located in the proximity of the N-terminal side
of the a-MoRE and hence opposite to the deletion site, as judged
based on the crystal structure of the chimera (see Fig. 3D, right pa-
nel). Indeed, although removal of Box3 could cause the NTAIL region
downstream Box2 to adopt a slightly different conformation there-
by affecting neighboring XD residues, it still remains unclear how
removal of Box3 can have an impact on XD residues located far from
the C-terminus of Box2 (see Fig. 3D, right panel).
The very similar impact of NTAIL and NTAILD3 on XD chemical
shifts, together with the lack of XD chemical shift variation upon
addition of Box3 peptide, support the absence of direct interaction
between N513–525 and XD, like in the case of the closely related Sen-
dai virus NTAIL–XD complex [21].
In terms of chemical shift deviations, the perturbation induced
by Box2 peptide (N487–507) is lower than that triggered by both
NTAIL and NTAIL-D3. The lower effect of Box2 peptide as compared
to NTAIL (and NTAIL-D3) could be accounted for by assuming that
the region downstream Box2 may play a role in stabilizing the
complex. That Box3 does play a role in binding to XD is supported
by previous SPR data that showed a decrease in afﬁnity upon re-
moval of Box3 [12]. Interestingly however, SPR data using a syn-
thetic peptide corresponding to N505–525 pointed to a weak
afﬁnity towards XD (KD of 1 lM) (Oglesbee and Longhi, unpub-
lished data) thereby suggesting that the N505–525 region acts not
when isolated but only via a functional coupling to Box2.
C. Bernard et al. / FEBS Letters 583 (2009) 1084–1089 1089Noteworthy, the dissociation constant herein calculated for
Box2 peptide (20 lM) is very close to that reported by Kingston
and co-workers in experiments with DMSO-free mixtures of a
Box2 peptide encompassing residues N477–505 (13 lM) [11], thus
supporting limited (if any) negative effects of DMSO on binding.
Altogether, experimental data collated so far could be taken into
account by tentatively assuming that the region downstream Box2
would act (i) either by stabilizing the a-helical conformation of
Box2 through the establishment of transient tertiary contacts with
this latter and (ii) or by stabilizing the NTAIL–XD complex through
a reduction of the entropic penalty in the binding process arising
from the ﬂexible (e.g. disordered) nature of this region even upon
complex formation. That the presence of disordered protein regions,
apparently not directly contacting the partner often enhances bind-
ing has already been observed (see [22] and references therein ci-
ted), and might be related to the reduction of the entropic penalty
in the binding-coupled-to-folding process [22].Acknowledgements
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